Abstract: Layer-by-layer (LbL) deposition is a convenient technique for the formation of ultra thin nanocomposite layers containing metallic nanoparticles (NPs) and conducting polymers (CPs). The advantages of this approach for producing composite layers suitable for electroanalytical applications are discussed. Examples of electroanalytical applications of LbL-deposited composites are presented. Composite layers consisting of polyaniline (PANI) and Pd NPs are used for hydrazine oxidation. The PANI-Au NPs system is applied for dopamine (DA) and uric acid (UA) oxidation.
INTRODUCTION
Among the numerous approaches for producing composite materials, the so-called layer-by-layer (LbL) deposition technique presents a simple and low-cost method for the formation of thin composite layers on conducting and non-conducting substrates. This technique is based on electrostatical interaction of oppositely charged species which are repeatedly adsorbed on the surface. After the early works of Decher et al. [1] [2] [3] demonstrating formation of multilayered structures by adsorption of oppositely charged polyelectrolytes, this method has expanded intensively to a large variety of materials and numerous applications. Polyelectrolytes and surface-charged metallic and metal oxide nanoparticles (NPs), proteins, and enzymes were used in various combinations. Since the works of Rubner et al. [4] [5] [6] [7] , conducting polymers (CPs) were also intensively involved in similar studies by taking advantage of the CPs charged state (usually positively charged chains for oxidized CPs) and their high electric conductivity. CPs in combination with anionic polyelectrolytes [8] [9] [10] [11] [12] [13] [14] [15] or other negatively charged species, i.e., anion-stabilized metallic NPs [16] [17] [18] [19] [20] [21] [22] [23] [24] , metal oxide NPs (e.g., V 2 O 5 [25, 26] , TiO 2 [27, 28] , and ZnO [29, 30] ), magnetic NPs [31, 32] , CdS [33] , polyoxometallates [34, 35] , and polyoxometallate-stabilized metallic NPs [36] [37] [38] [39] were studied in view of different applications.
In the last few years, the formation of various CP-based composite materials has attracted considerable interest. There are several reviews [40] [41] [42] [43] [44] [45] [46] [47] focusing on specific composite types, e.g., metallic- [42] [43] [44] [45] , carbon nanotube- [46] , and metallocene- [47] based CP materials. Recent papers outline the applications of CPs and CP-based composites for chemical or electrochemical sensing [48] [49] [50] [51] . Despite the intensive development of this field during the last few years, little attention was paid to LbL-deposited composites consisting of metallic NPs and CPs and their possible electroanalytical applications.
Here we present a short overview of such applications and show relevant examples originating from our research. Electrocatalytical oxidation of hydrazine is studied at an LbL-deposited Pd NP-polyaniline (PANI) nanocomposite. A comparison of the electroanalytical performance of this composite and a Pd-PANI composite material, obtained in an electrochemical way, is shown. Dopamine (DA) and uric acid (UA) oxidation at an Au NP-PANI composite is described as an example for possible involvement of LbL-deposited composites in bioanalytical applications.
EXPERIMENTAL
The experimental details for the prepration of solutions used for the LbL deposition of citrate-stabilized Au NPs, ascorbate-stabilized Pd NPs, and PANI are described elsewhere [20, 21] . Here we provide concise information relevant to the measurements shown in this paper. PANI solutions were prepared by dissolving chemically synthesized polyemeraldine base in dimethylacetamide [20] . After filtering, the solution was diluted 10 or 100 times using HCl (pH 3.1). The two different dilutions (1:10 and 1:100) of the PANI stock solution will be denoted further as concentrated and diluted polymer solution, respectively.
The metallic NPs used for the LbL experiments were synthesized through chemical reduction of HAuCl 4 or Pd(NO 3 ) 2 in citrate-or correspondingly ascorbate-containing media [20, 21] . By means of transmission electron microscopy (TEM) investigations, it was found that the size of the Au-and Pd NPs varies between 15-30 and 4-10 nm, respectively.
The LbL deposition was carried out by consecutive dipping of a glassy carbon or a gold interdigitated electrode in the PANI and metallic NP solutions, starting always with a PANI adsorption step. Unless otherwise stated, the adsorption times were usually fixed at 10 min for both metallic NPs and PANI solutions. Between each two-adsorption step, the electrode was rinsed with diluted HCl.
Apart from the LbL metallic NP-PANI-produced layers, layers of polyanion-doped PANI were produced by electrochemical polymerization of aniline in the presence of poly(2-acrylamido-2-methyl-1-propanesulfonic) (PAMPSA) [52] . These layers were decorated with Pd NPs by electroless deposition of Pd using initially reduced PANI layers [53] . A similar approach for electroless metal deposition was already applied for metal modification of PANI [54] and poly-3,4-ethylene-dioxythiophene (PEDOT) [55] layers.
All electrochemical measurements were carried out in a three-electrode set-up using glassy carbon as working electrode, a platinum plate as counter electrode, and mercury sulfate electrode (MSE) as reference electrode. The potentials in the text and figures are indicated vs. MSE. In situ conductance measurements were carried out using specially designed interdigitated Au electrodes [56] and a fourprobe measurement set-up [56, 57] . The electroanalytical measurements were carried out in 0.1 M phosphate buffer solutions (pH 6.7) containing corresponding analytes (hydrazine, DA, or UA). Differential pulse voltammetry (DPV) measurements were carried out at modulation amplitude 20 mV, step potential 5 mV, modulation time 50 ms, and time interval 200 ms. The measurements were started at -0.5 V.
LbL FORMATION OF COMPOSITE MATERIALS BASED ON CPs AND METALLIC NPs
The LbL adsorption approach involving CPs and metallic NPs was first used for producing multilayer structures of PANI and Au NPs by repeated immersion of the supporting substrate into solutions con-
taining dissolved PANI and mercapto-succinate-capped Au NPs [16, 17] . Later, the same approach was used to combine PANI and mercaptoethane-sulfonate-stabilized Au-and Ag NPs [18] , citrate-stabilized Au NPs [20, 22] , polyamidoamine-encapsulated Pt NPs [19] , and ascorbate-stabilized Pd NPs [21] . Most of the studies have so far focused on PANI because of its solubility in aqueous solutions and simple processing. Investigations involving Au-or Pt NPs combined with thiophen-and pyrrole-based CPs were initiated by Zotti et al. [23, 24] . LbL deposition of polyoxometallate-stabilized Pt-or Au NPs combined with PANI, polypyrrole, and PEDOT was also intensively studied, although in these cases the corresponding monomers were used for adsorption, instead of the polymers [36] [37] [38] [39] . Electrochemical polymerization was used for the final building of the ultrathin polymer network.
The adsorption of the individual layers in the course of LbL deposition can be monitored by a combination of spectroscopic and electrochemical techniques. UV-vis and surface plasmon spectroscopies were used for qualitative observation of the adsorption processes. The absorbance bands of both metallic NPs and CP indicate the formation of the LbL structure in these measurements. Electrochemical spectrosopy (i.e., cyclic voltammetry) offers an easy and straightforward way to follow the formation of the adsorbed layers. CPs have intrinsic electroactivity, and the magnitude of the measured electrochemical signal is proportional to the amount of CP material adsorbed on the substrate. In most cases, the metallic NPs display also characteristic electrochemical reactivity due to formation/reduction of surface oxide and/or hydrogen adsorption/desorption phenomena. The corresponding currents can be used to follow the presence of the NPs in the deposited nanocomposite layers.
Figures 1a,b show an illustration of the electrochemical approach for following the LbL deposition in the case of PANI and Pd NPs. The two series of cyclic voltammograms were registered after the adsorption of each bilayer (consisting of PANI and Pd NPs) from PANI-containing solutions with two different concentrations. The redox process registered at -0.3/-0.4 V reflects the well-known reversible oxidation/reduction of leucoemeraldine to emeraldine. The magnitude of the redox peaks is proportional to the amount of adsorbed PANI. Alternatively, the charge under the cyclic voltammogram may be used to follow qualitatively the amount of the adsorbed polymer. Together with the emerging leucoemeraldine-to-emeraldine redox peaks the presence of the Pd phase is easily detectable due to the strong involvement of Pd in hydrogen adsorption/desorption, observed for potentials below -0.5 V. For both studied PANI solutions, the PANI leucoemeraldine oxidation peak increases linearly with the number of adsorbed bilayers (Fig. 2a) . Similar linear increase of the amount of adsorbed polymer material monitored through electrochemical peaks (or eventually charges) with a number of adsorption steps is observed in various systems [17, 19, 23, 24] . The dependences of the PANI oxidation peaks on the number of adsorbed bilayers, obtained after adsorption from PANI solutions of different concentration, show different slopes (Fig. 2a) . The steeper slope together with the large difference in PANI amount adsorbed within the first adsorption step result in a five-fold larger amount of adsorbed PANI established for the concentrated polymer solution. The amount of the adsorbed Pd NPs can be followed qualitatively through the hydrogen oxidation peak. The larger amounts of adsorbed PANI (obtained in the concentrated solution) provoke an increase in the amounts of adsorbed Pd NPs (Fig. 2a) . Nevertheless, a larger relative amount of the metallic phase becomes incorporated in the nanocomposite layer when using the diluted PANI solution for LbL deposition (Fig. 2b) . Thus, depending on the concentration of the polymer solutions, LbL-deposited structures with different relative amount of metallic phase may be produced. A strong dependence of the polymer-based UV-vis absorption signal on the concentration of the polymer solution was observed also for LbL-deposited Pt NP-PANI [19] .
Another approach to control the relative amount of the metallic phase in the LbL-deposited composite layers was recently demonstrated in the Au NP-PANI system [22] . The successive building of the bilayers and the amount of adsorbed polymer material is followed by electrochemical measurements (Fig. 3) , although the presence of the metallic phase is, in this case, not so easily discernable. The reductive wave emerging at the far cathodic potential range of the cyclic voltammograms indicates the availability of Au NPs in the composite layers. Microgravimetric measurements carried out in this system [22] have shown that the amount of deposited Au NPs depends significantly on the duration of the metal adsorption step within the first 30 min. On the other hand, extending the duration of the PANI adsorption step (beyond 10 min) does not influence the polymer adsorption process. Thus, by using different durations of the Au NP adsorption step, it was possible to vary the relative amount of Au NPs between 3 and 7 (expressed as mass ratio of Au NP to PANI). A strong exponential dependence of Au NP UV-vis absorption signal on the adsorption step duration was also documented in the Au NP-polypyrrole system [23] . Thus, together with the number of adsorption steps that influence markedly the total amount of adsorbed material, both polymer solution concentration and duration of the metallic NPs adsorption step are parameters that can be effectively used for influencing the relative metallic content in LbL-deposited layers. for LbL structures obtained by using diluted ( ) and concentrated ( ) PANI solutions; (b) current peak ratios of Pd-to PANI-based currents calculated from the data in (a).
One of the main goals in the formation of LbL-deposited metallic NP-containing composite layers is to obtain thin layers with high metal content. The metallic particles are expected to affect the electrical conductivity of the composite material and could also be in the origin of special synergy effects due to both metallic and polymer component of the composite material. Immobilization of Au NPs in polyelectrolytes (e.g., poly-diallyldimethylammonium chloride or poly-allylamine hydrochloride) by the LbL technique resulted in the formation of closely packed, three-dimensional arrays of NPs [58, 59] . Specific collective plasmon resonance phenomena originating from intralayer interparticle coupling were observed [59] . By means of specially designed structures of Au NPs and PANI, the possibility to control the local surface plasmon resonance was demonstrated [60, 61] . UV-vis results obtained for the LbL-deposited Au NP-PANI system also gave evidence for possible collective resonance phenomena of the Au NPs [20] . As will be shown below, the electrocatalytic properties of the LbL-deposited metallic NP-CP composites are also highly dependent on the metallic particle content. Thus, further experimentation providing opportunities to control the metal content in the LbL-multilayered CP-based structures is necessary in order to obtain composites with varying properties.
CHARACTERIZATION OF LbL-DEPOSITED COMPOSITE LAYERS
The electrochemical activity of the nanocomposites containing metallic NPs and CPs is one of the most important characteristics of these materials in view of electrocatalytical or -analytical applications. In this respect, PANI shows specific peculiarities originating from its pH-dependent oxidation state. Increase of pH of the electrolyte solution results in gradual loss of the PANI redox electroactivity and conductivity due to deprotonation of the polymer chains. For pH > 4, this CP is usually non-electroactive. A way out of this specific situation is sought by immobilization of anions (e.g., bulky polyanions) in the polymer material, providing a sufficient extent of protonation and extension of the pH range of PANI electroactivity [62] [63] [64] . Incorporation of anion-stabilized metallic NPs into PANI layers provides another opportunity to solve the problem with the loss of PANI electroactivity in non-acidic solutions. Figure 4a shows cyclic voltammograms of an LbL-deposited Au NP-PANI composite layer in acidic and neutral solution. For comparison, the behavior of a conventional, electrochemically synthesized sulfate-doped PANI layer and a PAMPSA-doped PANI layer [52, 53] is also shown (Fig. 4b) . It is evident that the redox activity of both Au NP-PANI and PANI-PAMPSA layers remains preserved in neutral solution. In both cases, this is due to the immobilized anions preventing the complete deprotonation of the PANI chains. Similar results are obtained for LbL-deposited composites consisting of PANI and mercapto-succinate-capped Au NPs [16, 17] or poly(amidoamine) dendrimer-encapsulated Pt NPs [19] . In both cases, an extended pH range (up to pH 8) of electroactvity of PANI is demonstrated. Preserved electroactivity of the metallic NP-PANI composites in neutral solutions is a necessary prerequisite for many bioanalytical applications of these materials.
The electrochemical response in neutral solution of two Pd NP-PANI composites consisting of three and five bilayers is shown in Fig. 5 . The voltammetric curve measured for the 3-bilayer structure reflects the electrochemistry of both PANI and Pd, whereas for the 5-bilayer structure the Pd-based currents almost entirely mask the PANI response due to the large relative amount of Pd NPs. It is noteworthy that the cyclic voltammetry of Pd-PANI-PAMPSA layers (not shown here), with Pd obtained by electroless deposition in reduced PANI-PAMPSA layers, reflects simply the electroactivity of PANI-PAMPSA (Fig. 4b) . In this case, the Pd oxidation/reduction and hydrogen adsorption/desorption currents are completely masked by the large intrinsic PANI-PAMPSA redox currents. The surface morphology of the LbL-deposited composites is studied either by atomic force microscopy (AFM) or scanning electron microscopy (SEM) imaging. AFM images usually show a limited surface area and roughness in the nanometer range. Nevertheless, SEM imaging reveals in some cases a surface morphology with considerable roughness in the μm scale and bulky morphology features (Fig. 6a) . Surface roughness and availability of larger surface structures are influenced by the initial surface homogeneity of the substrate and by the quality of the solutions (i.e., monodispersity and agglomeration of the adsorbing species).
A further important characteristic of the LbL-deposited layers is their electrical conductivity. Ex situ conductivity measurements of LbL-deposited metallic NP-CP layers have been carried out in the case of Au NP-PPY and Au NP-and Pt NP-PEDOT [23, 24] . Increased conductivity with respect to the pristine polymer was established, although a limit of around 10 -1 S cm -1 was found to be imposed on the conductivity, irrespective of the polymer material linking the particles.
In situ conductivity measurements depending on pH and potential were carried out in the case of Au NP-and Pd NP-PANI [20, 21] . Figure 7 shows the potential dependence of the conductivity measured at pH 7 for two Pd NP-PANI LbL-deposited composite layers obtained by one and the same number of adsorbed bilayers using PANI solutions with two different concentrations. The Pd NP-PANI composite obtained in the concentrated PANI solution (with a lower relative amount of Pd NPs) shows low conductivity and a week potential dependence at this pH value. This should indicate a low degree of doping of the composite material. The comparison with the PANI-PAMPSA layer (Fig. 7) shows a much stronger potential dependence for the polyanion-doped material due to the larger extent of protonation (and corresponding preservation of electroactivity). The Pd NP-PANI layer obtained in the diluted PANI solution shows, however, a high conductivity and a metal-like (potential-independent) behavior originating probably from the large relative content of the metallic phase obtained in this sample. These results indicate the importance of the metal/polymer content ratio for the conductivity of the LbL-deposited layers and the opportunities to influence the composite conductivity by control of the LbL deposition parameters.
EXAMPLES OF ELECTROANALYTICAL APPLICATIONS
The main interest in electrocatalytical and -analytical applications of LbL-deposited composite materials relates to the possibility of obtaining either materials with a high content of immobilized electrocatalytically active metallic NPs or materials with hybrid or synergistic properties. One of the main questions in this context is to what extent the metallic particles from the inner adsorbed layers become involved in the electrocatalytic process.
In the early communications on LbL deposition of mercapto-succinate-capped Au NP-PANI, the composite was applied for NADH oxidation [16, 17] . The NADH oxidation currents were found to be dependent on the number of deposited bilayers, thus indicating the involvement of the inner layers in the electrocatalytic process. The composite material showed sensitivity in the mM concentration range of NADH. Recent investigations on methanol oxidation at Pt NP-PEDOT [24] and CO oxidation and oxygen reduction at Pt NP-PANI [19] have shown a linear dependence of the oxidation current on the number of deposited bilayers, giving evidence that the whole amount of metallic NPs is involved in the catalytic process. Another example supporting these observations presents the Pd NP-PANI system (Fig. 8) . Linear dependences of the hydrazine oxidation current (measured in neutral solution) on the number of deposited bilayers were obtained for two analyte concentrations. The fact that in most studied cases the electrocatalytic activity of the LbL-deposited multilayered structures is proportional to the number of bilayers indicates that the permeation of the various analytes and also the charge transfer within the composite layer are not inhibited. These observations provide a good basis for further investigations in the field of electroanalytical applications.
In the following we present examples on electroanalytical applications of LbL-deposited composites: Pd NP-PANI for hydrazine oxidation [21] and Au NP-PANI for DA and UA oxidation [22] . The two studied systems differ in the role of the composite components for the electroanalytical performance. Both Au NPs and PANI are expected to take part in the oxidation reactions of DA and UA [65] [66] [67] , whereas only the Pd NPs are in the origin of the electrocatalytic effect for hydrazine oxidation. As was already shown in the case of hydrazine oxidation, the electrocatalytic currents are proportional to the number of deposited bilayers and thus to the amount of immobilized Pd NPs. On the other hand, electrochemical deposition of a PANI-PAMPSA layer (with preserved electroactivity in neutral solution) and subsequent electroless Pd deposition results mainly in decoration of the polymer surface by tiny Pd crystals with size estimated to be less than 50 nm [53] . Figure 6b shows the surface morphology of the electrodeposited Pd NP-PANI-PAMPSA layer. A larger surface roughness is observed for the electrodeposited in comparison to the LbL-deposited (Fig. 6a) layer. Detailed analysis reveals that the Pd crystals are decorating the surface features with lighter contrast in the SEM image [53] . Both composite materials were studied for hydrazine oxidation in chronoamperometric mode. Figure 9 shows the concentration dependence of the hydrazine oxidation currents obtained in these experiments. The LbL-deposited composite shows a higher sensitivity in comparison to the electrodeposited Pd NP-PANI-PAMPSA layer, although the range of linear response remains limited in the former case. DA and UA are two often-studied probe bioanalytes that carry opposite charges in neutral electrolyte solutions. By using hybrid materials consisting of positively charged CP chains and anion-stabilized metallic NPs for electroanalytical purposes, it is expected to obtain selective response based on the differentiated electrostatic interactions of the oppositely charged analyte species. Figure 10a shows a series of DPV curves obtained at different concentrations of DA by using a 5-bilayer Au NP-PANI structure. A linear concentration dependence of the peak currents is obtained in a large DA range from 7 to about 600 μM (Fig. 10b) . Figure 10c shows results from three sets of experiments on DA oxidation, each set being carried out at a newly prepared Au NP-PANI-coated electrode. The scatter between the different runs is within 20 % and reflects very probably the lack of complete reproducibility in the LbL deposition procedure. A better control on the LbL deposition process (e.g., by using an automated approach [68] ) could improve the reproducibility in the electroanalytical response of the Au NP-PANI composites. Experiments carried out with LbL-deposited composites with increased amount of Au NPs (obtained by doubling the duration of the metallic NP adsorption steps) show that the sensitivity for the DA oxidation reaction depends markedly on the amount of the immobilized metallic phase [22] . Thus, the Au NPs play a specific role for the DA oxidation. The reaction is confined by the surface of the metallic phase rather than by diffusion of the DA species [22] . DPV measurements in the presence of both DA and UA (Fig. 11a) show well-resolved peaks due to both analytes. The experimental series is carried out in three stages: (i) increasing the UA concentration (from 0.06 to 0.32 mM) at constant concentration (0.1 mM) of DA; (ii) increasing the concentration of DA (from 0.13 to 0.31 mM) at constant concentration (0.32 mM) of UA; (iii) further increasing of the concentration of UA from 0.34 to 0.71 mM at constant concentration (0.31 mM) of DA. Irrespective of the amount of DA, the data for the concentration dependence of the UA oxidation currents fit a single straight line (Fig. 11b) . In this case, increasing the amount of Au NPs does not influence the oxidation currents, thus indicating a diffusion control of the electrochemical reaction [22] .
CONCLUSIONS
The LbL deposition technique results in the deposition of ultrathin, mechanically robust and electrochemically stable metallic NP-CP composite layers. From an electrochemical point of view, the opportunity to work with very thin layers presents a special advantage as it favors reducing the contribution of the intrinsic capacitive currents of the CP layers. Thus, better sensitivities can be obtained in electroanalytical measurements.
One of the main advantages of the LbL deposition approach is the possibility of using metallic NPs with predefined characteristics, i.e., size and stabilization shell. The anionic shell of the metallic NPs plays a crucial role for the electrocatalytic response. A good illustration of such effects was recently shown for various Au NPs by studying the oxidation of DA, UA, and ascorbic acid [69, 70] . These aspects remained so far out of the scope of the investigations and should be further considered for the case of LbL-deposited composites containing metallic NPs with various anionic shells.
Another important advantage of the LbL approach is the possibility of varying the relative amount of immobilized metallic NPs and obtaining composites with high metal loadings. In some cases, composites with metal-like conductance behavior or collective plasmonic resonance of the metallic NPs may be obtained. To our knowledge, such effects were so far not observed in CP-based composite materials obtained through conventional electrochemical deposition of metallic particles or alternative approaches using presynthesized NPs [45] . The existing studies present only first indications on effects due to the high NP loadings in the CPs that should be further investigated in more details.
For electroanalytical purposes, the correlation between metal loading, composite thickness, and electrocatalytical currents should be studied in each individual case. Comparison in the electroanalytical performance of nanocomposites obtained by alternative deposition techniques should be further pursued in order to reveal the exact advantages of the thin composites nanostructures.
The electrocatalytical activity of LbL-deposited nanocomposites toward NADH [16, 17] , hydrazine [21] , CO [19] , DA and UA [22] oxidation, and O 2 [19, 38] and H 2 O 2 [39] reduction have been already reported. Although the prospects for electroanalytical applications were identified, systematic and reliable data on sensitivity, reproducibility, and selectivity are still missing. This field undoubtedly requires further experimental efforts and development.
